Risk-taking is an important component of decision-making that has gathered much attention in the study of substance use disorders. For adaptive behavior, making decisions in the face of uncertainty (risk) is of primary importance. Humans often require feedback from the environment in order to evaluate the potential consequences of their actions. For adaptive decision-making, it is necessary to determine the positive and negative outcomes rapidly to guide current as well as future actions by keeping us engaged in beneficial behaviors. Disruption of this process may produce risk-prone behavior, where choice is driven by the positive outcomes (typically the more rewarding options), in spite of possible disadvantageous consequences or punishments (Bechara et al. [@CR3]; Fishbein et al. [@CR17]).

By using gambling or decision-making tasks, several studies demonstrated impaired decision-making processes in alcohol-dependent patients with a bias toward riskier choices. Chronic alcoholics recurrently make decisions favoring larger immediate rewards even in the face of mounting negative long-term consequences (Mazas et al. [@CR47]; Bickel and Marsch [@CR5]; Cantrell et al. [@CR8]; Miranda et al. [@CR49]). It has been hypothesized that substance users may be less sensitive to the negative outcomes of their actions (Bechara et al. [@CR3], [@CR4]) and are less able to use negative feedback to guide and adjust ongoing behavior (Bechara et al. [@CR4]), suggesting a deficient feedback processing system (Kamarajan et al. [@CR35]). However, despite an abundance of data linking alcohol use disorders to impaired decision-making, far less is known about the acute psychopharmacological effects of alcohol on decision-making processes.

The acute effects of alcohol are well known for their disinhibiting properties, and ample evidence indicates strong associations between alcohol consumption and various forms of risky behavior, such as aggression, crime, violence, high-risk sexual activity, dangerous driving patterns, and other substance use (e.g., Taylor and Chermack [@CR60]; Lau et al. [@CR37]; Halpern-Felsher et al. [@CR27]; White [@CR64]; Cooper [@CR11]; Richardson and Budd [@CR56]; Calhoun et al. [@CR7]; Shuper et al. [@CR59]). However, despite the phenomenological evidence linking alcohol to maladaptive forms of risk-taking behavior, results of laboratory studies that have investigated the acute effects of alcohol on decision-making processes---particularly in the context of uncertainty (risk)---have been heterogeneous. Several studies have shown that alcohol given acutely impairs decision-making (Ridderinkhof et al. [@CR57]; Lane et al. [@CR36]; George et al. [@CR21]). Lane et al. ([@CR36]), for example, demonstrated that healthy participants, when alcohol-intoxicated and presented with a choice between risky and non-risky response options, showed a shift towards the risky options, even though this eventually resulted in more losses. In contrast, other studies have found that alcohol intoxication does not always increase risk-taking (Breslin et al. [@CR6]) and may even lead to more cautious decision-making (Ortner et al. [@CR51]). More recently, Balodis et al. ([@CR2]) suggested that individual factors moderate the relation between risky decision-making and alcohol use. It is in fact somewhat paradoxical that direct effects of alcohol on risk-taking and decision-making skills have been difficult to observe in laboratory settings, particularly given the frequently observed association between alcohol and risk-taking behaviors outside the laboratory.

In order to investigate this issue in further detail, it would be useful to additionally measure neural responses. Electroencephalographic (EEG) research using event-related brain potentials (ERPs) may be more sensitive to subtle processing differences between alcohol intoxicated individuals and sober controls than the behavioral measures employed in previous studies. Whereas behavioral measures are an indirect index of mental processes since they rely on motor responses, EEG is arguably a more direct index of these processes. In addition, ERPs to positive (i.e., gains) and negative feedback stimuli (i.e., losses) may provide useful data on both the timing and the neural substrates of feedback processing. Such psychophysiological data may serve as converging operations that supplement behavioral data to advance our understanding of the mechanisms underlying feedback processing and outcome evaluation during risky decision-making. Two major ERP components have been described that are particularly sensitive to feedback: the feedback-related negativity \[FRN, also known as the medial--frontal negativity (MFN)\], and the feedback-related P300. The FRN is a negative deflection at fronto-central recording sites that reaches its maximum between 200 and 300 ms post-onset of feedback stimulus. It is larger following the presentation of negative feedback associated with unfavorable outcomes (e.g., monetary losses) than for positive feedback (e.g., Gehring and Willoughby [@CR20]; Luu et al. [@CR45]; Nieuwenhuis et al. [@CR50]; Hajcak et al. [@CR24], [@CR25]; Sato et al. [@CR58]; van Meel et al. [@CR61]; Yeung et al. [@CR68]; Holroyd et al. [@CR29]; Holroyd and Krigolson [@CR28]). The FRN reflects an early, rapid evaluation of the affective or motivational impact of outcome events and its amplitude is related to the simple bad versus good appraisal of feedback (Yeung et al. [@CR67]). On the other hand, a subsequent component, the feedback-related P300 amplitude, seems to reflect a later, attention-sensitive, more elaborated appraisal of outcome evaluation, in which factors that affect the allocation of attentional resources come into play in a top-down controlled manner (Sato et al. [@CR58]; Goyer et al. [@CR22]; Christie and Tata [@CR10]; Wu and Zhou [@CR65]; Leng and Zhou [@CR44]; Zhou et al. [@CR69]). P300 is the most positive peak in the 300--600 ms post-onset of feedback and has been shown to be sensitive to various aspects of outcome, including the magnitude and the valence of reward (Wu and Zhou [@CR65]). Previous studies found differential effects of positive and negative outcomes on P300 amplitudes (e.g., Hajcak et al. [@CR24], [@CR26]; Martin and Potts [@CR46]). Given that the P300 amplitude is generally believed to be associated with processes of attentional allocation and to high-level motivational evaluation (e.g., Johnson [@CR33]; Polich and Criado [@CR54]), P300 amplitudes probably reflect the evaluation of the functional significance of feedback stimuli.

To our knowledge, there have been three ERP studies reported on feedback processing or outcome evaluation in individuals diagnosed with alcohol dependence. Porjesz et al. ([@CR55]) demonstrated decreased P300 amplitudes in response to incentive stimuli in abstinent alcoholics. More recently, using the Balloon Analogue Risk Task (BART) which measures risk-taking propensity, Fein and Chang ([@CR13]) reported smaller FRN amplitudes and larger P300 amplitudes in response to negative feedback in treatment-naive alcoholics with a greater family history density of alcohol problems. Additionally, Kamarajan et al. ([@CR35]) demonstrated that alcoholics had significantly lower P300 amplitudes during both loss and gain feedback as compared to healthy controls. Although these results are sometimes conflicting and seem task dependent, these findings lend support to the notion that alcoholics display an abnormal feedback processing. However, no ERP studies investigating the acute effects of alcohol on feedback processing during risky decision-making have been reported.

The present study used ERPs to investigate the acute psychopharmacological effects of alcohol on the neural mechanisms underlying feedback processing and outcome evaluation during a modified version of the BART (Lejuez et al. [@CR38]; Pleskac et al. [@CR53]). The BART is a sensitive measure of risky decision-making, which involves inflating a simulated balloon on a computer screen that could either grow larger or explode. Participants accumulate money each time they pump up the balloon and during the task they are repeatedly given the option to discontinue inflating and save the money accumulated to that point or to continue pumping. However, each pump also carries the risk that the balloon will explode, leading the participants to lose all the money from that balloon. Behavioral studies have been demonstrated that the mean number of presses on trials when participants did not burst the balloon (increased risk-taking) is strongly related with the self-reported occurrence of risk behaviors (e.g., substance use, cigarette smoking, gambling, delinquency, and unprotected sexual inter-course; Lejuez et al. [@CR38], [@CR39], [@CR40], [@CR41], [@CR42]; Aklin et al. [@CR1]; Hopko et al. [@CR30]), as well as with scores on risk-related personality constructs (e.g., impulsivity and sensation seeking; Lejuez et al. [@CR38]; Hunt et al. [@CR32]; Vigil-Colet et al. [@CR62]). In the present study, however, we used an automatic response mode version (automatic BART) as described in Pleskac et al. ([@CR53]). Instead of sequentially pumping the balloon, this automatic BART requires participants to type the target number of pumps (corresponding to how much risk) they wish to perform at the beginning of each trial. Once this value is accepted, participants watch the balloon as it automatically inflates until either the stated number of pumps is reached or the balloon explodes. This automatic version has some advantages over the standard BART. The main advantage is that the scores on the automatic BART are not biased, as is the case with the standard BART (Pleskac et al. [@CR53]). In the standard BART, and more generally in all sequential risk-taking tasks, how many risks a participant would have taken on trials that end in a loss is unobserved. Consequently, the standard BART uses the *adjusted* average number of pumps as a risk propensity measure, which is the average number of pumps excluding balloons that exploded (Lejuez et al. [@CR38]; Pleskac et al. [@CR53]). This score, however, is biased because it is based on the false assumption that trials that end in an explosion are independent from the behavior of the participant. In contrast, the automatic response mode version makes participant's intended number of responses on each trial observable. As a result, the average *target* score can be used as behavioral statistic, which is the average number of pumps that participants would have executed on all trials regardless of whether the balloon has exploded or not, thereby increasing the reliability of the data. Consideration of the *adjusted* average score excludes from the calculation to those trials with higher numbers of target pumps, resulting in a lower average adjusted score than when the target score is used. Hence, the *target* score tends to be a more reliable and unbiased estimator of risk taking propensity. Other advantages of the automatic BART include that the task is less time consuming and requires less motor activity, which is particularly important in psychophysiological research.

The aim of the current investigation was three-fold. First, because of the clear relationship between alcohol consumption and risky behavior often observed outside the laboratory, it was hypothesized that alcohol-intoxicated individuals would make more risky, disadvantageous decisions during the BART than individuals in the placebo group. Second, we hypothesized that impaired and risky decision-making in alcohol-intoxicated individuals would be driven by hyposensitivity to negative feedback, with reduced FRN and P300 amplitudes indicating decreased sensitivity. Subsequently, we expected risk-taking during the BART to be negatively related to the FRN and P300 amplitude. Finally, we sought to determine whether risky decision-making during the BART was moderated by personality factors that may be directly related to performance on decision-making tasks using feedback, including impulsivity, sensation seeking, and sensitivity of the behavioral activation system (BAS).

Methods {#Sec1}
=======

Participants {#Sec2}
------------

Sixty-four healthy males between the age of 18 and 25 (mean age = 20.51 years, SD = 1.99) were recruited to participate in this study. Participants were recruited from the undergraduate population of the Erasmus University in Rotterdam and by posting weblogs on social network sites. Screening measures were conducted to determine medical history and took place by telephone. Inclusion criteria were the absence of a current medical, neurological, or psychiatric condition, and no current use of medication during the past 4 weeks before the experimental session. Participants were not included in the study if they had a self-reported history of alcohol-related problems. The median frequency of drinking days was 9 to 11 days each month, and the median quantity of drinks on each occasion was six glasses. The median age of drinking onset was between 14 and 15 years.

Participants were randomly assigned to an alcohol (*n* = 32) or placebo group (*n* = 32). The alcohol and placebo participants were matched in terms of age. Mean age of the alcohol group was 20.39 years (SD = 2.01) and mean age of the placebo group was 20.63 years (SD = 1.99). There were no significant group differences on self-reported habitual drinking patterns \[total score of the quantity--frequency--variability (QFV) index of drinking patterns\] and age of onset of alcohol use \[*t*'s (59) \< −1.27\]. Furthermore, no significant group differences were found in self-reported measures of impulsiveness (BIS-11), sensation seeking (BSSS), and reward/punishment sensitivity (BIS/BAS subscales) \[*t*'s (59) \< 1.12\].

Alcohol dose and beverage administration {#Sec3}
----------------------------------------

Participants in the alcohol group received a moderate dose of alcohol (0.65 g/kg) in a beverage containing one part of vodka (40% of alcohol) and two parts of orange juice, divided equally over two glasses. Participants in the placebo group received a non-alcoholic beverage (0.00 g/kg alcohol), consisting of one part of tonic and two parts of orange juice, which was served in the same manner. To induce an alcohol odor in the placebo group, 4 ml of vodka (1%) was applied on the glasses and floated on top of the beverages. Participants in both groups were told they would receive either a high or a low dose of alcohol. All participants had 2 min to finish each glass through a straw. The two glasses were served 4 min apart (Weafer and Fillmore [@CR63]).

Subjective effects of drinking were measured 25 min after drinking and immediately following the testing period. Breath samples to measure the blood alcohol concentration (BAC) were collected at five moments during the study using 6,510 Alcohol test (Dräger; Lübeck, Germany) breath analyzer equipment: before alcohol administration, and 25, 55, and 80 min after beverage administration (immediately preceding and immediately following the testing period), and approximately 2 h after beverage administration. The peak BAC was expected to occur about 60 min after drinking (Fillmore and Vogel-Sprott [@CR15]; Weafer and Fillmore [@CR63]).

Subjective ratings {#Sec4}
------------------

**Brief sensation seeking scale (BSSS)** The Brief Sensation Seeking Scale (BSSS; Hoyle et al. [@CR31]) is a short (eight items) self-report measure and assesses trait sensation seeking suitable for use with adolescents and young adults. The eight items are scored on a five-point Likert scale, with the points labeled as follows: *strongly disagree*, *disagree*, *neither disagree nor agree*, *agree*, and *strongly agree*. We used the total score as measure for sensation seeking. Higher scores on this scale represent higher trait sensation seeking in participants. Psychometric properties of the BSSS are good and hold up across age, sex, and ethnic categories (Hoyle et al. [@CR31]).

**Barratt impulsiveness scale-11 (BIS-11)** The Barratt Impulsiveness Scale-11 (BIS-11; Patton et al. [@CR52]) is a self-report measure of impulsiveness and consists of 30 items; the items are answered on a four-point scale (*rarely*/*never*, *occasionally*, *often*, and *almost always*/*always*). For the present study, we used the total score. This summed score of all items determines the degree of impulsiveness, the higher the summed score, the higher the level of impulsiveness of the participant. The BIS-11 has good psychometric properties (Patton et al. [@CR52]).

**Behavioral inhibition system and behavioral activation system scales (BIS/BAS scales)** The BIS/BAS scales (Carver and White [@CR9]) are presented as a self-report questionnaire, which measures the behavioral approach system (BAS), and the behavioral inhibition system (BIS). BAS measures sensitivity to reward, and BIS measures sensitivity to punishment. The BIS/BAS scales consist of 24 items which can be divided into four subscales: BAS--fun seeking, BAS--reward responsiveness, BAS--drive, and BIS. Also, BAS--total score can be computed. Items are scored on a four-point scale with the following labels: *completely agree*, *agree*, *disagree*, and *completely disagree*. The psychometric properties for the Dutch version of the BIS/BAS scales are satisfactory (Franken et al. [@CR18]).

**Habitual drinking patterns (QFV-index)** The QFV-index (Lemmens et al. [@CR43]; Meerkerk et al. [@CR48]) was used to measure habitual drinking patterns. In this questionnaire, three items are employed to determine the drinking quantity (number of glasses), frequency (drinking days), and variability (binge drinking) during the last 6 months. Furthermore, one question was added to determine the age of onset of drinking.

**Subjective alcohol effects** Throughout the study, participants completed several self-report ratings to assess the subjective effects of the beverage. First, participants indicated on a five-point Likert scale how many effects they experienced from the beverage (i.e., magnitude of effects; *1* = *no effect at all*, *2* = *a little effect*, *3* = *moderate effect*, *4* = *relatively much effect*, *5* = *strong effect*). Second, a Visual Analogue Scale (VAS) was used to examine their current subjective experience of pleasantness of the effect of the consumed beverage.

Balloon analogue risk task (BART) {#Sec5}
---------------------------------

The automatic version of the BART was used to assess risk-taking behavior (Pleskac et al. [@CR53]). The task was presented on a computer screen which included a small balloon, accompanied by a dial of numbers (0--9), a reset button, and three permanent displays listing the current reward/loss magnitude of the balloon ("pumps selected"), the total money earned ("total earned"), and the money earned on the last balloon ("last balloon"). Participants were told that they had to pump up 60 separate balloons (i.e., 60 trials). At the beginning of each trial, the participant had to determine for himself how many times this specific balloon should be pumped in order to get the best score. The number of pumps was selected by the participant using a mouse; the participants clicked on the numbers showed on the screen. Each balloon had an inflation time of 3 s. After the inflation time, there were two possible outcomes: the balloon would still be whole and money was earned (i.e., positive feedback), or the balloon was pumped past its individual explosion point, the balloon popped and hence, the money was lost (i.e., negative feedback). After the feedback of each balloon (money collection or explosion), a new un-inflated balloon appeared on the screen until a total of 60 balloon pumps was completed.

The maximum number of pumps possible was set to 128 for each balloon with an explosion a priori equally likely to occur on any given pump subject to the constraint that within each sequence of ten balloons the average explosion point was on pump 64. All participants were presented the same balloons in the same order to limit extraneous variability. A balloon that did not explode was encoded as a "positive feedback" trial; a balloon that exploded was encoded as a "negative feedback" trial. The two types of feedback were used for analyses of FRN and P300 activity during completion of the BART.

Procedure {#Sec6}
---------

Interested volunteers responded to study advertisements and weblogs on social network sites by contact us by email or telephone. A screening by telephone was conducted during which students received information about the experimental procedure and in order to determine eligibility for participation. Eligible volunteers then made appointments to come to the Erasmus Behavioral Lab (Erasmus University Rotterdam) for one experimental session of approximately 2 h. All participants were instructed to abstain from food and cigarette use 2 h before testing, to abstain from caffeine on the testing day, as well as to refrain from consuming alcoholic beverages or any psychoactive drugs or medications for 24 h before the experimental session. At arrival at the laboratory (all between noon and 6 p.m.), participants signed informed consent, they were weighed, and initial breath alcohol level was assessed to ensure that they were sober before onset of the experiment. None of the participants was positive on this test. Hereafter, participants completed the self-report questionnaires. Subsequently, the alcohol or placebo beverage was administered and subjects were seated on a comfortable chair in a light- and sound-attenuated room. After the EEG electrodes were attached (which took 25 min), BAC was monitored for the second time. First, participants conducted a cognitive task (go--nogo) lasting 20 min (not reported in this paper). Then they completed a brief subjective measure of the magnitude and the pleasantness of the alcohol effects and BAC level was monitored for the third time. Approximately 50 min after alcohol administration, the BART was administered to measure risky decision-making and feedback processing. Participants were told they were going to pump up 60 balloons on the computer screen. The goal was to obtain as much points as possible. As an additional incentive, participants were told that the participant who would obtain the highest score of all would receive an extra reward of €100. After completion of the BART, participants were disconnected from the EEG. They were given a final subjective measure of alcohol effects and BAC level was measured for the fourth time. Participants were then instructed to remain in the university building and had to go to the refectory to eat and drink something. After 45 min (i.e., 2 h after beverage administration), participants had to return to the laboratory to monitor their final BAC and participants were allowed to leave once their BAC fell to 20 mg/100 ml or below. All participants received a small financial reward or course credits for their participation, and they were instructed not to drive a vehicle after the experiment. The study was conducted in accordance with the Declaration of Helsinki and approved by the ethics committee of the Institute of Psychology of the Erasmus University Rotterdam.

Electroencephalogram (EEG) acquisition and analysis {#Sec7}
---------------------------------------------------

The EEG was recorded with BioSemi Active-Two using 34 scalp sites (10--10 system, and two additional electrodes at FCz and CPz) with Ag/AgCl active electrodes mounted in an elastic cap. Furthermore, six additional electrodes were attached. Two electrodes were attached to the left and right mastoids as reference electrodes. To record ocular movement and to be able to correct for ocular artifact, two electrodes were placed next to each eye for horizontal electrooculogram (HEOG) and two electrodes were placed above and below the left eye for vertical electrooculogram (VEOG). Online signals were recorded with a low-pass filter of 134 Hz. All signals were digitized with a sample rate of 512 Hz and 24-bit A/D conversion.

Data were off-line referenced to mathematically linked mastoids. Because we were interested in FRN as well as in P300, EEG data were filtered offline with different parameters, which is in line with previous literature (Luu et al. [@CR45]; Donkers et al. [@CR12]; Wu and Zhou [@CR65]). For the FRN, data were filtered using a 2 to 12 Hz bandpass filter (Donkers et al. [@CR12]). A conventional wideband filter of 0.10 to 30 Hz (phase shift-free Butterworth filters; 24 dB/octave slope) was used to investigate the feedback related P300 amplitude. After ocular correction (Gratton et al. [@CR23]), feedback-locked epochs were created from positive (balloon inflated; money gained) and negative (balloon popped; money lost) feedback and were baseline corrected using the 200-ms pre-stimulus interval. The length of the epochs was 1,000 ms (200 ms pre-stimulus until 800 ms post-stimulus). Epochs including out of range voltages (±75 μV) were rejected as artifacts and were excluded from further processing. If 50% or more of the epochs of a participant contained artifacts, this participant was excluded from further analyses. As a result, three participants were rejected from further analyses, two in the placebo group and one in the alcohol group. The mean number of included negative feedback trials was 25.02 (SE = 0.75), and mean number of positive feedback trials was 29.38 (SE = 0.60). Epochs locked to positive and negative feedback were averaged separately for artifact-free trials at each scalp site, producing one average waveform per feedback condition per subject. All epochs, across balloons in the entire test block from the start of the procedure, were included in the average. A finer grain analysis of the data separated across the three 20-trial blocks of the BART (as was done for the behavioral measure of risk-taking) was not appropriate because this resulted in too few epochs for each average.

Derived from inspecting the grand average and individual subject data, the FRN component was identified as the most negative amplitude within a 200 to 300 ms window following feedback onset. The P300 component was defined as the maximum amplitude within 300 to 400 ms following the FRN peak. Statistical analyses for both components were done on fronto-central electrodes Fz, FCz, and Cz.

Statistical analysis {#Sec8}
--------------------

Demographic differences between groups with respect to age and scores on the subjective self-report ratings were assessed with independent samples *t* tests. Independent samples *t* tests were also conducted to assess differences in BAC levels before and after administration of the BART.

For the behavioral measure of risk-taking, we analyzed the mean target number of pumps across balloons (i.e., BART score) as the primary independent variable. The effect of alcohol was assessed with independent samples *t* tests. Moreover, we stratified the BART into three different blocks, corresponding to the number of pumps for each group of 20 of the 60 balloons. This measure reveals whether there was a strategy shift during the task as a function of Group (alcohol versus placebo) and was assessed with a 3 × 2 repeated measures analysis of variance (ANOVA), with Block (pumps 1--20, pumps 21--40, and pumps 41--60) as within-subject factor and Group (alcohol versus placebo) as between-subject factor.

For peak FRN and P300 amplitudes, a repeated measures ANOVA was performed with Group (alcohol versus placebo) as between-subject factor and Feedback (positive versus negative) and Electrode Site (three midline sites---Fz, FCz, and Cz) as within-subject factors. To control the increase in type I error, Greenhouse--Geisser corrections were adopted where appropriate. Post hoc tests were performed using the Bonferroni correction with a significance level of *p* \<0.05.

Spearman correlation coefficients were used to find associations between risk-taking behavior during the BART (mean number of pumps), feedback-related ERPs, and ratings of the personality self-report questionnaires in both groups. For all correlation analysis, FRN and P300 amplitudes were taken from the difference waveforms (defined as the maximum amplitude of the negative waveform 200 to 300 ms following feedback onset for the FRN and the maximum amplitude of the positive waveform 300 to 400 ms following feedback onset for P300).

Results {#Sec9}
=======

Blood alcohol concentration and subjective alcohol effects {#Sec10}
----------------------------------------------------------

No detectable BACs were observed in the placebo group (i.e., 0.00‰). In the alcohol group, the mean BAC level 25 min after initiation of drinking alcohol (BAC2) was 0.72‰ (SD = 0.18; range = 0.39--1.12‰). Mean BAC level before the start of the BART (BAC3; approximately 50 min after initiation of drinking) was 0.77‰ (SD = 0.13; range = 0.52--0.97‰) and mean BAC level a further 15 min later (BAC4), after completion of the BART, was 0.72‰ (SD = 0.11; range = 0.48--0.93‰). As expected, the peak BAC occurred about 60 min after drinking (see Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Breath alcohol concentration (*BAC*) for the alcohol and placebo participants. The *Y*-axis represents BAC as a function of time, with each sample taken before and after each behavioral test session (*X*-axis)

With respect to the subjective experience of the effects of the drinks, there was a significant difference \[*t* (59) = 7.54, *p* \< 0.001\] in mean magnitude of the alcohol effects between the alcohol condition (*M* = 3.32, SD = 0.95) and the placebo condition (*M* = 1.67, SD = 0.76) before administration of the BART, and this difference remained significant after completing the task \[*t* (59) = 6.36, *p* \< 0.001\]. Regarding the pleasantness ratings of the effect of the drinks, the alcohol group (*M* = 68.90, SD = 16.07) rated the drink as more pleasant \[*t* (59) = 4.16, *p* \< 0.001\] than the placebo group (*M* = 49.93, SD = 19.21) before administration of the BART. This difference remained statistically significant \[*t* (59) = 2.91, *p* \< 0.01\] after completion of the task. In the alcohol group, no correlations were found between BACs and subjective ratings of the effect (*r*'s \< 0.25; ns).

Behavioral results {#Sec11}
------------------

Table [1](#Tab1){ref-type="table"} shows the descriptive statistics for all measures of the BART. Statistical analyses revealed that overall there was no significant difference \[*t* (59) = −0.41; ns\] in the mean number of pumps between the alcohol (*M* = 62.32, SD = 9.93) and the placebo condition (*M* = 63.19; SD = 6.27), indicating that, across all blocks, alcohol did not result in altered decision-making. However, a significant Condition × BART block interaction was found \[*F* (2, 58) = 8.30, *p* \< 0.001). Post hoc analyses for each group separately revealed a significant main effect of block in the alcohol group \[*F* (2, 29) = 11.51, *p* \< 0.001\], as well as the placebo group \[*F* (2, 28) = 3.13, *p* \< 0.05\]. Pairwise comparisons showed that the alcohol group significantly decreased the number of pumps from the first to the second block (*p* \< 0.001), while there was no significant change from the second to the third one. The placebo group, by contrast, slowly increased the number of pumps throughout the task, showing a significant increase only between the first and the last block (*p* \< 0.05). Furthermore, we found marginally significant between-group differences in trials 1--20: participants in the alcohol group made marginally more risky decisions (*p* = 0.06) during the first 20 trials as compared to the control group. Mean number of pumps for each block of 20 trials, as a function of condition, are depicted in Fig. [2](#Fig2){ref-type="fig"}. Table 1Descriptive statistics for BART measures for the alcohol (*n* = 31) and placebo groups (*n* = 30)Alcohol groupPlacebo groupMeanSDMeanSDMean pumps62.329.9363.196.27Pumps 1--2064.929.5860.398.01Pumps 21--4060.229.6863.868.40Pumps 41--6061.8212.9965.067.16Fig. 2Mean number of pumps of each block of 20 trials as a function of group

Electrophysiological results {#Sec12}
----------------------------

### Feedback-related negativity {#Sec13}

Mean FRN amplitudes for positive and negative feedback for the three electrode sites (Fz, FCz, and Cz) are presented in Table [2](#Tab2){ref-type="table"}. The grand averages for the two types of feedback at each electrode site are depicted in Fig. [3](#Fig3){ref-type="fig"} and the topographical distribution of the current source density (CSD) of the FRN for each group and condition is displayed in Fig. [4](#Fig4){ref-type="fig"}. Repeated measures ANOVA conducted on peak FRN amplitude revealed a significant main effect of feedback valence \[*F* (1, 59) = 4.89, *p* \< 0.05\]. Post hoc test revealed that the FRN was larger for negative feedback indicating loss (−3.2 μV) as compared to positive feedback indicating gain (−1.9 μV). There was no significant main effect of electrode site \[*F* (2, 58) = 0.01, *p* = 0.99\]. Importantly, neither the main effect of group \[*F* (1, 59) = 0.07, *p* = 0.80\] nor the interaction effect of group and feedback valence \[*F* (1, 59) = 2.07, *p* = 0.16\] did reach statistical significance. Table 2Mean and SD of FRN amplitude for the alcohol (*n* = 31) and placebo group (*n* = 30)FeedbackAlcohol groupPlacebo groupMeanSDMeanSDPositive Fz−2.252.45−1.743.81 FCz−2.203.18−1.576.14 Cz−2.222.94−1.574.20Negative Fz−2.863.49−3.334.20 FCz−2.434.20−3.995.78 Cz−2.673.73−3.655.03Fig. 3Stimulus-locked grand average waveforms (filtered 2--12 Hz) from electrodes Fz, FCz, and Cz evoked by positive and negative feedback in the BART. *Left panel*: alcohol group, *right panel*: placebo groupFig. 4Topographical distribution of the current source density (CSD) of the FRN (200--300 ms) associated with losses (i.e., negative feedback; *upper row*) and gains (i.e., positive feedback; *bottom row*) for each group

### Feedback-related P300 {#Sec14}

Mean P300 amplitudes for positive and negative feedback for the three electrode sites (Fz, FCz, and Cz) are presented in Table [3](#Tab3){ref-type="table"}. The grand averages for the two types of feedback at each electrode site are depicted in Fig. [5](#Fig5){ref-type="fig"} and the topographical distribution of the current source density (CSD) of the P300 amplitude for each group and condition is displayed in Fig. [6](#Fig6){ref-type="fig"}. Repeated measures ANOVA conducted on peak P300 amplitude revealed significant main effects of feedback valence \[*F* (1, 59) = 55.64, *p* \< 0.001\] and electrode site \[*F* (2, 58) = 125.50, *p* \< .001\]. Post hoc tests revealed that P300 amplitude was larger in response to negative feedback (24.8 μV) than to positive feedback (18.6 μV). Furthermore, P300 amplitude was largest at FCz (24.3 μV) followed by the amplitude at Cz and Fz (23.1 μV and 17.7 μV, respectively). Table 3Mean and SD of P300 amplitude for the alcohol (*n* = 31) and placebo group (*n* = 30)FeedbackAlcohol groupPlacebo groupMeanSDMeanSDPositive Fz14.536.6314.987.75 FCz19.177.1820.248.47 Cz20.336.4022.207.62Negative Fz18.318.0022.809.30 FCz23.638.5929.3910.62 Cz24.488.3029.989.82Fig. 5Stimulus-locked grand average waveforms (filtered 0.1--30 Hz) from electrodes Fz, FCz, and Cz evoked by positive and negative feedback in the BART. *Left panel*: alcohol group, *right panel*: placebo groupFig. 6Topographical distribution of the current source density (CSD) of the P300 (300--400 ms) associated with losses (i.e., negative feedback; *upper row*) and gains (i.e., positive feedback; *bottom row*) for each group

The main effect of group was not statistically significant \[*F* (1, 59) = 2.83, *p* = 0.10\]. Importantly, we observed a significant interaction effect of group and feedback valence \[*F* (1, 59) = 6.16, *p* \< 0.05\]. Although there were no P300 amplitude differences between the alcohol and placebo group in response to positive feedback (18.0 μV versus 19.1 μV, *p* = 0.54), post hoc analyses revealed that, in response to negative feedback, alcohol-intoxicated individuals showed significantly reduced P300 amplitudes as compared to sober controls (22.1 μV versus 27.4 μV, *p* = 0.02), indicating a reduced sensitivity for negative feedback in alcohol-intoxicated subjects.

Correlational results {#Sec15}
---------------------

Table [4](#Tab4){ref-type="table"} shows the correlations between risk-taking behavior during the BART (i.e., the mean number of pumps), feedback-related ERPs, and self-reported personality measures. As can be seen, the amplitude of the FRN in the alcohol group was not correlated with the feedback-related P300 amplitude, which further supports the independence of the two components during feedback processing. In the alcohol group, strong correlations were found between the ERPs and risk-taking behavior. Remarkably, FRN to negative feedback was positively correlated with the mean number of pumps, whereas P300 amplitudes were negatively correlated with risk-taking behavior. These results indicate that in the alcohol group, hyposensitivity for negative feedback as measured with P300, but not FRN, is associated with increased risk-taking. Furthermore, none of the correlations between BART parameters and personality measures were significant, which provide evidence to suggest that a direct psychopharmacological effect of alcohol, rather than individual factors, play an important role in moderating risky decision-making. Table 4Spearman correlations between ERPs, risk-taking behavior during the BART, and self-reported personality measuresMeasureAlcohol groupPlacebo groupFRN^a^P300^a^p 1--20 block 1p 20--40 block 2p 40--60 block 3Mean pumpsFRN^a^P300^a^p 1--20 block 1p 20--40 block 2p 40--60 block 3Mean pumpsFRN^a^−0.190.330.42\*0.290.39\*−0.42\*0.07−0.020.090.03P300^a^−0.33−0.38\*−0.44\*−0.41\*−0.09−0.07−0.09−0.10BSSSTotal score−0.20−0.17−0.040.020.070.030.280.170.35−0.180.010.13BISTotal score−0.290.060.010.180.230.130.53\*\*−0.240.13−0.060.140.13BIS/BASBAS total−0.070.23−0.24−0.21−0.23−0.28−0.310.13−0.42\*−0.11−0.11−0.33BIS total0.08−0.04−0.20−0.08−0.02−0.100.220.160.230.29−0.050.16For all correlations: alcohol group *n* = 31; placebo group *n* = 30*BSSS* brief sensation seeking scale, *BIS* barratt impulsiveness scale, *BIS*/*BAS* BIS/BAS scale\**p* \< 0.05, \*\**p* \< 0.01^a^Amplitude from difference waveforms at FCz

In the placebo group, the FRN was negatively correlated with P300 amplitudes. However, ERP responses to feedback were unrelated to risk-taking behavior during the BART. Furthermore, significant correlations were found between BART parameters and personality measures: a negative correlation was found between BAS total score and the mean number of pumps in block 1. Moreover, a strong positive correlation was found between the total impulsivity score and FRN amplitude.

Discussion {#Sec16}
==========

To our knowledge, the present study is the first that investigated the acute psychopharmacological effects of alcohol on the neural mechanisms underlying feedback processing and outcome evaluation during risky decision-making while ERPs elicited by gains and losses were recorded. Our results indicate that healthy males under influence of a moderate dose of alcohol (0.65 g/kg alcohol) show unimpaired early processing of feedback information, while showing aberrations in the later stages of outcome evaluation.

On the behavioral level, we found several interesting patterns. Results demonstrated that both groups effectively modified their strategy based on outcomes in the first block of trials. However, while the placebo group started off cautiously during the first block and then increased the number of risky choices to an optimal level during the remaining blocks, the alcohol group exhibited the opposite strategy. Initially, this group made more risky choices than the placebo group but adopted a safer strategy during the remaining two blocks, arguably after realizing that the initial strategy was not optimal. However, in contrast to the placebo group, the alcohol group did not approach the optimal balance of 64 pumps, but kept on using a less effective strategy. This finding might explain the heterogeneity of results from previous studies, some of whom failed to observe increases in risk-taking after alcohol consumption or even reported decreases (Breslin et al. [@CR6]; Ortner et al. [@CR51]). Analyses based on choices across the entire task may have obscured group differences in strategy changes during the tasks in those studies.

Regarding the electrophysiological findings, we found significant FRN and P300 components in the fronto-central region following feedback in a risky decision-making task. Both the amplitude of the FRN and feedback-related P300 amplitude were modulated by the valence of the outcome. FRN and P300 amplitudes were larger in response to negative feedback than to positive feedback. These effects are found in previous studies and suggest that overall the task was suitable to elicit robust feedback-related brain potentials in this sample. With respect to the acute effects of alcohol on those feedback processing components, the results revealed differences in early versus later feedback processing: FRN and P300 amplitudes did not show a similar sensitivity to the effect of alcohol. In contrast to our hypothesis, no differences between the alcohol-intoxicated or placebo group were found on the FRN amplitude, indicating that the neural system supporting the rapid evaluation of unfavorable outcomes was not modulated by alcohol. In line with our hypothesis, feedback-related P300 amplitudes in response to negative feedback (i.e., balloon bursts) were reduced in alcohol-intoxicated individuals as compared to sober controls, and this group difference was absent in response to positive feedback. Hence, our behavioral observations corroborate the ERP results, demonstrating that early feedback processing, as indexed by the FRN, remained intact after alcohol consumption, enabling participants to modify behavior from trial to trial in accordance to feedback. Alcohol-intoxicated participants, in contrast to the participants in the placebo condition, nevertheless failed to achieve the most optimal strategy on the long run. This could be explained by the diminished P300 amplitudes to losses. The P300 is traditionally associated with context updating in working memory. Here, blunted P300 amplitudes may reflect less effective integration of past occurrences of outcomes, particularly penalties, over the course of the task. Consequently, our ERP findings suggest that it is not the ability to rapidly evaluate feedback valence that is influenced by alcohol consumption, but rather the ability to subsequently assign sufficient attention to further process motivationally salient events. Hence, alcohol prevented these participants from building a reinforcement history necessary to guide future behavior.

Importantly, alcohol affected only the in-depth processing of adverse consequences, not positive ones. Subsequently, it is interesting to relate the role of P300 amplitude in feedback processing to that in affective information processing, since both types of stimuli are of affective significance. Hence, P300 amplitude could be a manifestation of emotional appraisal following feedback. This interpretation is in concordance with previous research linking alcohol administration to decreased processing of affective information. For example, in a study of Franken and colleagues ([@CR19]), ERPs resulting from watching pleasant, unpleasant, and neutral pictures were investigated in a group of participants receiving a beverage containing a moderate dose of alcohol. Results showed that the brain's response to unpleasant emotional pictures was attenuated after ingestion of a moderate dose of alcohol, suggesting that alcohol selectively reduced processing of unpleasant stimuli. Moreover, Franken et al. ([@CR19]) could only demonstrate an effect of alcohol on the ERP index that reflects the later attention-sensitive, more elaborated appraisal of unpleasant stimuli. In a general sense, our results are thus also in line with the notion that alcohol has larger effects on the later, more elaborative and higher-order processes in which factors that affect the allocation of attentional resources come into play in a top-down controlled manner, relative to earlier automatic processes (Fillmore et al. [@CR16]).

Finally, ERPs also correlated with risk-taking behavior during the BART in the alcohol group, where larger FRN amplitudes (i.e., more negative FRN amplitudes) to losses were associated with increased risk-taking. By contrast, larger P300 amplitudes to losses were associated with decreased risk-taking behavior. There were no correlations between ERPs and risk-taking behavior in the placebo group. One possible explanation for this finding may be that alcohol-intoxicated participants had difficulty integrating individual instances of gains and losses across multiple trials, leading to unrealistic (overoptimistic) expectations about the chances of winning. Consequently, confrontation with an unexpected loss elicited increased FRNs. Several studies have shown that the FRN amplitude is largest when negative feedback is not anticipated (e.g., Yasuda et al. [@CR66]). Alternative explanations, however, could possibly be that the ERPs may tap a different level of cognitive function than the behavioral measure (i.e., BART) or that either the ERP paradigm or the behavioral measure is not sensitive enough. Possibly, the variation of the scores of the participants in the placebo group may have been too large. Furthermore, no apparent relationships between personality traits and the risk-taking behavior were identified in the present study, which provide evidence to suggest that a direct psychopharmacological effect of alcohol, rather than individual factors, play an important role in moderating risky decision-making.

A number of important issues warrant consideration when interpreting the results of the present study. First, our results should be considered in light of our sample. The sample we recruited was drawn from a young student population with an education level above average and therefore comprises a restricted group. This may restrict the generalizability of our results. In addition, as only men were included in this study, it remains to be clarified whether these findings also apply to women. Future work should investigate the influence of alcohol on risky decision-making in other populations.

Second, we only studied the effect of a moderate alcohol dose, a dose that is relatively low in the context of the levels of alcohol intake typical for the population from which our sample was drawn. Whether higher doses of alcohol would yield similar results or might also affect early feedback processing as measured by the FRN component awaits further research. Future studies that include a range of alcohol doses to produce BACs at or above this level would provide an extension of the present results at more distinct subthreshold intoxication levels.

A third shortcoming concerns our study design. We employed a between-subject design with a single-dose methodology in which each subject received a single dose or placebo, and accordingly the risk-taking data were gathered in just one measurement per subject. However, it should be noted that we found substantial variable between-subject variability in both ERP patterns and response to the acute alcohol effects. Therefore, a within-subjects design may have provided a stronger demonstration of the acute effects of alcohol and allowed for a dose-response determination---an essential condition for the evaluation of direct pharmacological effects. Future research could extend the current findings by using a within-subjects design.

Another area of concern is the use of the automatic BART version. While there are clear advantages of this version (i.e., use of target score, intended number of pumps), it might be that the automatic response mode version removes an aspects of impulsivity from the response procedure. This may be an important element as impulsivity and inhibitory control are typically thought to be a crucial aspect of substance use and risk-taking (Fillmore and Rush [@CR14]). In addition, the automatic response mode procedure eliminates another factor in decision-making that might be important: the dynamics of the ongoing decision while the balloon is being pumped. Each pump produces an observable change in the context (i.e., balloon gets bigger), which impacts the ongoing behavior. Although we argue that the automatic BART is not biased, it might be this bias that captures the ongoing dynamics of decision-making in real time, including the loss aversion and expectancy valence that may change within a single trial during the pumping phase. In summary, the automatic procedure and the standard BART likely measure different cognitive processes during decision-making, with the automatic version having a more analytic mode of processing (Kahneman [@CR34]). This issue is a particularly salient concern because no overall performance differences between groups were observed. Since the two groups' overall choice patterns on the BART were nearly identical, the interpretations of the ERP data must be interpreted with caution. Future studies may further clarify this issue.

One possible way to address the dissociation between the behavior pattern and ERP activation, as discussed above, would be a finer grain analysis of the data separated across the three 20-trial blocks of the BART, as was done with the behavioral data. Unfortunately, a final shortcoming of the present study is that the number of trials in our paradigm was not sufficient to calculate ERPs for each block separately. The ERP data across all balloons already contained substantial noise levels and notorious inter- and intravariability. A finer grain analysis yielded to few data segments, which resulted in even higher noise levels. Consequently, the ERP data needed to be collapsed across the entire task to yield useful data. Future studies may further clarify this issue and should include more trials to perform trial by trial analyses. This would shed light on the question whether FRN is indeed related to short-term adjustments, rather than long-term strategic changes, as hypothesized.

Taken together, despite the acknowledged limitations outlined above, the present results provide important insights into the way alcohol might impact on risky decision-making both in the laboratory and in everyday life. Our results indicate that early feedback processing and automatic adaptive behavior are intact under the influence of a moderate dose of alcohol, as reflected in normal FRN amplitudes. More importantly, alcohol-intoxicated individuals display aberrations in later stages of outcome evaluation and controlled adaptive behavior, as reflected in decreased P300 amplitudes in response to negative feedback. The data suggest that people, when intoxicated, may focus more on short-term positive consequences of their actions, ignoring potential harmful consequences on the long term.
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